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RESEARCH MEMORANDUM

INVESTIGATION OF A HIGH-PRESSURE-RATIO EIGHT-STAGE AXTAL-FLOW
RESEARCH COMPRESSOR WITH TWO TRANSONIC INLET STAGES
I - AFRODYNAMIC DESIGN

By Cherles H. Voit

SUMMARY

An eight-stage high-pressure-ratio axlel-flow compressor was de-
signed for use as & research unit in which the problems associlated with
design and off-design performance of transonic stages combined with high-
ly loaded subsonic stages could be studied. This compressor consisted
of two transonic inlet stages and six subsonic stages designed to pro-
duce an over-all total-pressure ratio of 10.26 with a mass flow of 29.8
pounds per square feet of rotor frontal area at a tip speed of 1168 feet
per second. The transonic inlet stage was designed without guide vanes
for an axial inlet and a maximum relative Mach number of 1.20. The sub-
sonic stages were designed for somewhat higher loading limits in the
middle stages than in the latter stages. The tip diameter of the compres-
sor was 20 inches and the inlet hub-tip ratio at the entrance to the
first rotor was 0.48,

This report discusses the design procedure and presents the experi-
mentally determined over-all performance of this compressor.

INTRODUCTION

Compactness and reduced weight of axial-flow compressors for gas-
turbine power plants in aircraft espplicstion can best be achieved by:
(1) decreasing the compressor length by reducing the number of stages
required to produce the desired pressure ratio; and (2) decreasing the
compressor diameter by increasing the mass flow per unit frontal area
vhile, at the same time, maintaining high efficiencies. Two-dimensional
high-speed cascade date (ref. 1) end single-stage rotor tests (refs. 2
and 3) indicete that higher stage pressure ratios than those currently
being used are obtainsble with the use of high blade loading and high
subsonic Mach numbers while maintaining good efficienciles.

The compressor of reference 4 was buillt and tested in order to in-
vestigate the possibility of staging highly loaded steges and to study
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the problems assoclated with highly loaded mixitistage compressors. This
compressor showed that it is possible to increase the stage pressure
ratlos above those currently being used whlle malntaining good mass flow
per unit frontal area and acceptable efficilencies (ref. 5). The compres-
gor of reference 4 wes deslgned for an average stage pressure ratlio of
1.205 and a welght flow of 26.4 pounds per uinilt frontal area. Although
thls is a comparable welght flow and a higher stege loading than most _
current commercilal designs, 1t is conservative compared with the obtalin-
able values as indicated by analysis of cascade and single-stage data.

In order to investigate the problems assoclated with even higher
etage pressure ratlos and high over-all presiure ratios, a completely

subsonic multistage compressor design was made, on the basis of the anéiy-'

sis of reference 6, to produce an over-gll p¥essure ratio of 10.3 in nine
stages, an average stage pressure ratlio of 1,296, with an equivalent
welght flow of 26.5 pounds per squere fdéot of frontal area. _Shortly
after this design was completed and its febrication started, the per-
formance of & single-stage transonlc research compressor was determined
(ref. 7). This transonic stage utilized high rotor-tip relstive Mach
nurbers, of the order of 1.1, which permitted high stage pressure ratios
and high welght flows and gave good efficiencies and a wide efficient
operating range.

In order to take advantage of the deslr@ble characteristics indi-
cated for the transonic stage, and because it was believed that the sub-
sonic inlet design might have poor off-design characteristics because of
the high guide-vane turning required end consequently the high rotor-tip
static-pressure rise, the first two stages were redesigned to transonic
stages. An attempt was mede to replece only the first subsonic stage
with a transonic stage. However, in order to reduce the supersonic Mach
number entering the first rotor tip to a subsonic value of 0.80 entering
the second stage, a first-stage stator having a reversal of twist be-
tween hub and tip would be required. This reversal was believed to be
undesirsble and, hence, the first two stages were redesigned. The re-
sulting nine-stage transonic inlet compressor design gave an over-all
pressure ratio of 13.5. Because such a high pressure ratlo might be
beyond the practical limit in a single-spool compressor, only the first
eight stages, which had an over-all pressure ratio of 10.26, were built.
However, the mechanical design i1s such that the ninth stage can be added
later if Jdesired.

The Mach number and stage loading limits were increased sgbove those
employed in the design of the compressor of reference 4 to values which
were believed to be near the practical limit, The high stage pressure
ratlos were cobtalned by using high rotative speeds with moderate turning
angles. The resulting compressor design, which is discussed herein, was
made in order to study the design and off-design performance problems of
a multistage compressor with high mass flow, high stage pressure ratio,
and high over-all pressure ratio. This compressor design, therefore,
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provides a research unit in which to study not only the effect of high
blade loading and high over-all pressure ratio but also the performance
of transonic stages in a multistage compressor.

SYMBOLS

The followlng symbols are used in this report:

A rotor frontal aresa, sq ft

a local speed of sound, ft/sec

b blade chord, in.

Cy, 1ift coefficient

Cr,,1 design camber (theoretical Cj of isolated airfoil)

cy specific heat of ailr et constant pressure, Btu/(1b)(°R)
c, specific heat of air at constant volume, Btu/(1b)(°R)
D diffusion factor across stator row

D! diffusion factor across rotor row

g acceleration dvue to gravity, 32.174 ft/secz

h dimensionless ratio of axial component of air velocity to

rotor tip speed, Va/U£

i incidence angle, deg

M absolute Mach number

M? Mach number relative to rotating blades
n polytropic exponent of compression

P total or stagnation pressure, Ib/sq £t
AP change in absolute pressure, lb/sq £t

a velocity head VZ/2g, ft

R radlus of circular-arc blade section, in.
r radius of compressor, ft

T total or stagnation temperature, °r
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meximum blade thickness, in.

velocity of rotor blade at tip, ft/sec

equivalent blade tip speed corrected to standard NACA sea-
level conditions, ft/sec

gbsolute alr veloclty, ft/sec

alr velocity relative to rotating blades, ft/sec

equivalent welght flow corrected to standerd NACA sea-level
conditions, 1b/sec :

ratlio of absolute tengential velocity to rotor tip speed

ratio of change in tangentisal velocity through stator to
rotor tlp speed

ratio of change in tangential velocity through rotor to
rotor tip speed - y L 2

ratio of blade speed at any radius to blade tilp speed, or

radius ratio r/rt —

angle between absolute veloclity vector and rotor axis, deg
angle between relastive veloclity vector and rotor axis, deg
absolute turning angle through stator, deg

relative turning angle through rotor, deg

ratio of specific heats, cP/cv,' 1.3947

ratio of total pressure to standasrd NACA sea-level pressure
deviation angle, deg

adisbatic temperature-rise efficiency

ratio of total temperature to standard NACA sea-level tem-.
perature . . }

mass density of air, slugs/cu ft

blede-element solidity, chord/spacing
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Subscripts:

a

e

camber angle of circular-src blade section (included angle
of mean line), deg

angle between blade chord and compressor axls, deg

axial direction

simple radial equilibrium

hub

mesan

any station

static or free-stream conditions
subsonlic stages

total or stagnation conditions
tip

transonic stages
straight-through flow

compressor-inlet stegnetion conditions, standard NACA sea-
level conditions

stations ghead of rotor of lSt, an, Srd, e o e Bth stages

stations shesd of stator of 15t, 2nd, zrd | | | gth giages

discharge messuring station

PRELIMINARY DESIGN CONSIDERATIONS AND LIMITATIONS

The original subsonic compressor was designed to produce as high an
average stage pressure ratio as possible with good efficiency., In order
to obtain good efficlency, certain design limits were imposed. These
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design limits were a Mach number limit and blede-loading limits., The
multistage analysis of reference 6 indicates that there is a certain
desirable stagewise distribution of axial velocity and relative inlet

air angle that will permit the highest stage pressure ratio without ex-
ceeding the prescribed Mach number and blade-loading limits. The method
of reference 6 was therefore used to determine the stagewise distribution
of tip axilal veloclty, tip relative inlet alr angle, and stage total-
pressure ratlo.

The subsonic design used a Mach number 1imit of 0.8 on the basis of
the results of references 2 and 3, Above a Mach number of 0.8 the total-
pressure loss coefficlent for 65-series bldwer blede sections, with a
thickness from 6 to 10 percent of chord, increases sharply with Mach
number.

The blade-loading limits were those used in the analysis of refer-

ence 6, that is, oCy, &P /qy, and AB. The method of applying these -

limits and the numerlcal values used are given in the section "Stagewise-

distribution of design varisbles.” . -
Recently, a more satisfactory limiting-blede-loading parameter has
been developed (ref. 8). This derived limiting diffusion factor com-_
prises & term involving the veloclty ratio. across the blade and a term
proportional to the circulation sbout the element, and is given by

D' = < . V'+1> L Iy | T
A 2oV,

and

Vn42 10y
D=\l -7 7/ %
n+l OVn+l
For a given inlet air angle, APs/qa is proportional to the first

term, and GCL and AB' are functions of the second term of the diffu-

sion factor. Reference 8 gives a correlastion between this diffusion
factor and oCy, and AR' for 65-series cascade and single-stage comi_

pressor data. Although thils limiting-blade-loading paremeter was not_
used in this design, the numerical velue of the diffusion factor for
hub, mean, and tip radil of each blade row is presented in table II for

the reader's information.
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DESIGN OF SUBSONIC STAGES

Inlet stage. - Even though it was later discarded, the original
subsonic inlet stage design will be discussed briefly, because its char- =
acteristics affect the final design. The subsonic inlet design deter-
mined the equivalent weight flow and equivalent tip speed of the latter
stages, which had to be maintained when the inlet stages were redesigned
to transonic stages. The subsonic inlet stage design also set the start-
ing point for determining the stagewise distribution of stage pressure
ratio, tip dimenslonless axial veloclty, and tip relstive inlet air angle
(see fig. 1) and hence affected the latter stages.

The subsonic inlet stage design was very similar to that chosen for
the multistage snalysis of reference 6 with slight modifications due to
the higher hub-tip ratio (0.55) of this compressor. The subsonic-inlet-
stege design total-pressure ratio was 1.189 with an equlvalent weight
Plow of 26.5 pounds per square foot of rotor frontal area at an equiva-
lent tip speed of 1120 feet per second. The tip relative inlet air
angle was set at B0° and the resulting tip dimensionless axial veloeity
hy was 0.3855.

Stagewise distribution of design varisbles. - The stagewise distri-
bution of tip dimensionless axial velocity hy, relative rotor-tip inlet

alr angle B¢, and stage total-pressure ratio were determined by methods

similar to those used in reference 6. Reference 6 indicates that there
is a certain desirable stagewise distribution of axial velocity which
will permit a high stage pressure ratio without exceeding the design
limits used. This distribution is a steadily increasing axisl wvelocity.
Because this distribution results in high discharge velocitles and small
rassage height, and because reference 6 indicates that some deviation
from the optimum distribution could be tolerated without a great sacri-~
fice in stage pressure ratio, the present design maintained the tip axial
Mach number entering each rotor row approximately constant. By use of
the method of reference 6, the tip axial velocities at a midstage, where
the over~all total-pressure ratio equals 3, and at a latter stage, where
the over-all total-pressure ratio is 9, were calculated so that the tip
axlal Mach numbers were approximetely constant. Total temperatures were
used in this calculation because the static temperatures cannot be de-
termined, since the velocities are not known at these stations. This re-
sults in a somewhat higher axial velocity than would be obtained if
gtatic temperatures were used. With the use of these tip axial veloci-
ties, a given set of design limits, and the curves of reference 6, the
relative tip inlet ailr angles and stage total-pressure ratio were deter-
mined. The limits used were oCr, 1.2; &P./q,, 1.6; and 4By, 22° for the

midstage; and oCp, 1.0; &P /q., 1.6; and A84, 20° for the latter stage.
The inlet-, midstage, and latter-stage values of tip dimensionless axisl

cogp—
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veloclty, stage total-pressure ratio, and tip relative inlet air angle
were plotted on semilog coordinates and smooth curves were faired (fig.
1). With the use of this stage total-pressure ratio distribution, the
over-all total-pressure ratlo entering each succeeding stege was calcu-
lated, and the values of ht and B% entering each stage and the total-

pressure ratlo for each stage Were determined from the faired curves.

The discharge axial velocities thus determined were believed to be too
high for efficient use in Jet-engine spplication, and it was decided %o
1imit the dimensionless tip axlal veloclty ratio of the last three stages
to 0.50. The values of ht, B{, and the stage pressure ratio used for

the subsonic design are given in tabie I.

Efficiency sssumption. - It is necessary to assume efficiencies for

each stage in order to determine the energy addition necessary for the
desired stage total-pressure ratio. These assumed efficlencies are given
in table I. The efficlencies assumed for the first two subsonic stages
were somewhat lower than the middle stages because inlet stages with low
hub-tip ratios usually have low efficiencies because of high rotor-tip
diffusion and low solidlties. The efficiencies of the exlt stages were
also assumed somewhat lower than the middle stages because the boundary
layer and the tip clearance were believed to be a greater percentage of
the pessage helght, end both of these factors tend to increase the losses
in the latter stages and decrease the efficiency. . R :
Velocity disgrams. - With the desired values of tip dimensionle&s
axial velocity, tip relative inlet alr angle, stage total-pressure ratio,
and an assumed stage efficlency known for each stage, it is possible to
determine the velocity diasgram at any radius if the radisl variation of
tangential velocity entering a rotor, the change in tangential veloclty

through the rotor, and the radial variastion of axial velocity are assumed.

The tangential velocity entering any rotor row waes assumed to vary di-
rectly with radius, and the change through the rotor varied inversely
with radius. The variation of the axilal velocity entering any rotor row
was calculated by assuming the existence. of simple radial equilibrium
(no redial flow or radial entropy gradient) and constant total enthalpy
along the radiuvs. The variation of the axial velocity euntering any sta-
tionery row was assumed to be the average between that required for
simple radial equilibrium and that required for straight-through flow
(straight-through flow, as used herein, is defined as no change in the
radial distribution of the axial velocity entering and leaving a blade
row). Single-stage data availsble at the time the design was made indi-
cated that this type of axial-velocity distribution is obtained after s
rotor row (ref. 9, fig. 7). More recent investigations indicate that
nonisentropic simple radial equilibrium; which considers the radial var-
lation of entropy, is very nearly obtalned after a rotor-blade row.

With these assumptions and the values given in table I, the coumpo-
nents of the velocity diasgram can be calculated st any radius. Details
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of these celculations are given in the section Desgign Calculation Method.
The components of the velocity diagrams entering and leaving a blade row
were calculated at the same radius. This calculation assumes that the
flow is slong cylinderical surfaces across a blade row, The tangential
velocity component leaving the lastestage stators was removed by a row
of exit guide vanes in order to have axial discharge from the compressor.

Flow-passage geometry. - After the radisl variation of the veloelty
diagrams is determined, the hub profile is determined. The hub radius
enfering each blade row can be determined from continulty and the flow
conditions at that station. It 1s then necessary to fix the axial length
of the blade rows and the clearance between them in order to determine
the hub profile. The casing of the compressor of reference 4 was used,
and hence the axliasl spacing of the stator blades was fixed, which in tumm
determined the axial spacing of the rotor-blade rows because the clesr-
ance between blade rows could not be altered appreciably. The resulting
hub profile was slightly wavy, and a smooth curve was faired for the hub
profile. The faired hub contour deviated only very slightly from the
calculated points, and this procedure was believed Justified because
the boundary-layer allowance was not known to a high degree of accuracy.

Boundary-layer sllowance. - The hiub~contour determination described
in the preceding section did not make any allowance for boundary layer
along the passage walls. In order to meke some allowance for boundary
layer, the passage helght was increased by decreasing the hub radii by
an amount equal to the estimated displacement thickness of the combined
outer~ and inner-wall boundary layers. Very little informstion could
be obtained on the probable thickness of the boundary layers. Based on
the best availasble information, the stagewise distribution of boundary-
layer thickness shown in figure 2 was assumed. This distribution assumed
a zero thickness at the inlet to the first rotor, s linearly increasing
thickness through the fourth stage, and a constant thickness for the re-
maining stages. More retent data indicate that this boundary-layer sllow-
ance may have been excesslve in the latter stages, which would result in
the latter stages being excessively loaded and their design-speed opera-
tilon belng nearer stall than was intended in the design. A sketch of
the flow passage and blading is given in figure 3.

DESIGN OF TRANSONIC STAGES

When the performance of the transonic compressor of reference 7 be~
came known, it appeared highly desirsble to incorporate transonic inlet
stages into this multistage design. A completely new design with tran-
sonic inlet stages would have been more desirable, but this was not feas-
ible because fabrication of the subsonic design had already begun and it
was necessary to keep all changes, both serodynamic snd mecheniecal, to a
minimum. The first two steges were therefore redesigned and the other

pratss m oo T
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stages remained unchanged, In order to do this the first two stages

were so deslgned that both the magnitude and the radial distribution of -
flow angles and equlvalent veloclties 'V/Vﬁ' leaving the second transonic

stage were identical with those of the subsonic design. These conditions

Placed some restrictions on the design of the two transonic stages.

In order to keep the flow velocities entering the third stage iden-
tical with those of the originesl subsonic design, the same equivalent
welght flow WAG/8 end equivalent tip speed U./#8 were maintained at

the entrance to the third stage. Because the pressure ratio and temper-
ature ratio across the trasmsonic stages are higher than the original sub-
sonic stages, it was poesible to increase the entrance weight flow and N -
necessary to increase the design tip speed. In order to obtain equiva-

lent velocities entering the third stage 1t was necessary that

o8 —§E7§8 ts e -§g7§6 s8

then fn
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Hence, in order to maximize the weight flow, it would be desirgble to
obtain as high a pressure ratio acrossfthe transonic stages as possible.
However, for s given entrance annulus sree, increasing the weight flow
increases the axlal Mach number; and for & rotor with axial inlet, the ' -
relative Mach number ie alsc increased. These relations are given by =~ = - —
the following equations: . o S

n+l ) T

P 2n . o) ) a B
2 _ .2 1 1 1 -
={n(r® - r2), o gM, 1 ag —
<P0>ts ‘: bR T g Tl Oaf] . Q\[TséTo
o ts Wss\ "B./P
s/Po /g
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where the superscript n represents the polytroplc exponent of

compression.
T/ To

For glven values of Wss(r: PO> B ‘r.t, ryh, and n, the pressure
g8

ratio, tip speed, and relative tip Mach number can be determined as =a

ATs/To

function of the axial Mach number., The term W <}§EZFE;LS was fixed

by the original subsonlc design, the tip radius was fixed by the casing

of the compressor of reference 4 st 10 inches, and the hub radius

entering the first rotor could not be reduced below 4.8 inches because

of the existing inlet bearing support geometry. With these values and

an assumed polytropic efficiency of 0.88 for the transonic stages and

with the relative Mach number entering the first rotor at the tip

limited to 1.20, the following design values were obtained for the ——
transonic stages:

Axisl Mach number entering first rotor « « ¢ « « ¢« « « « o « « « » 0.534

Total-pressure ratio across transonic stages . . . « ¢« &+ . « . o . 1.888
Equivalent welght flow, lb/sec © e s o e e o o s s s+ « s s o a2 o« « B5
Equivalent weight flow per unit rotor frontal area,
(1b/seC)/8Q Ftsere o ere tiv o 4 tie 4 e ere e e e e e e e .. . 29.8
Equivalent tip speed, ft/sec ere a8 4 4 e w siwre s 4 s s s o e.. 11868

The Mach number limit of 1.20 was based on single-transonic-stage
data available at that time.

The total-pressure ratio was divided between the two stages with
each having a total-pressure ratio of 1.374. Constant energy addition
from hub to tip was used in the transonic stages becsuse the subsonic
stages were designed for no radial energy gradient, and it would be im-
possible to match the design flow entering the subsonic third stage if
the first two stages were designed for a radial energy gradient. In
order to match the design flow angles entering the third stage, it was
necessary for the first two stator rows to change the tangential velocity

SORNRERENETAL o
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added by the first two rotors to that required at the entrance of the
third stage of the subsonic design. The stator of the firast transoniec
stage was designed to produce a constant tengential veloclty radieslly
at the exit of the first stage. This reduced the amount of change in
tangentiel velocity necessary in the second stator at the hub, as well
as reducing the relative Mach number entering the second rotor. The
second stator row then changed the tangential veloclty after the second
rotor to that required by the subsonlc design at the entrance to the
third stage. The radisl vaeriation of axial velocity after each blade
row of the transonic stages was calculated from simple radisl equllibrium
and constant total enthalpy along the radius. The velocity diagram at
hub, mean, and tip for the transonic stages are glven in figure 4 and
the design values for all stages in teble II.

MECHANICAL CONSIDERATICNS

In this compressor design it was desired to use as many of the exist-
ing parts of the compressor of reference 4 as possible without compromis-
ing the design, especially the inlet and outlet parts which house the
bearing assemblies and the outer casing. The use of the outer casing
made it impossible to increase appreciably the solidity of the subsonic
stator blades because the number of blades and the axlal space availsble
were fixed. The solidity of these stator blades is somewhat lower than
would be desiraeble for highly loaded stages. The existing rotor of the
compressor of reference 4 could not be used because the hub contour was
unsuitable for this design, and the number of blade slots and hence the
solidity of the rotor rows were too low for highly loaded stages.

A number of changes was necessitated by lncorporating the transonic
inlet stages into the design. The hub-tip ratio at the entrance to the
first stage was decreased from 0.55 to 0.48 in order to utilize the high
pressure ratio obtainsble with the transonic stages and still match the
equivalent flow entering the first subsonic stage and not exceed the
limiting relative Mach nunmber at the tip of the first rotor.

The transonic stages were belleved to requlre larger blade chords
than the subsonic stages and hence it was necessary to alter the orig-
inal axial location of the subsonic blade rows in order to obtain the
necessary axial space for the transonic stages. More recent data indi-
cate that good performance can be cbtained with lower solidities. How-
ever, because the transonic stages were designed for a higher pressure__
ratio than the subsonic stages which they replaced, the aver-all pressure
ratio remsined approximetely the same for the eight stages as it was for
the original nine subsonic stages. The greater mass flow of the transon-
ic design and a desire not to increasse the exit velocitites at station 20

el EADENET Al
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(fig. 3) necessitated increasing the exit-flow area. This was done by
increasing the outer radius downstream of the exit guide vanes.

DESIGN CAICULATICN METHOD

Subsonic design. - The design of the subsonlc stages was based on
the analysis of reference 6 and was carried out by selecting a stagewise
distribution entering each rotor of tip dimensionless axial-velocity
ratio hi, tip relative inlet air angle B{, stage total-pressure ratio,

and stage polytroplc efficiency. These values are given in table T.

The tip speed and weight flow are set by the first stage. With the tip
inlet air angle, tip axiel velocity, and over-all pressure and temper-
ature ratio entering any stage known, the velocity diagram and the pas-
sage height at the entrance to each stage can be. calculated by the fol-
lowing equations. (The subscript n indicates sny axial station entering
a rotor, n + 1 1is entering the followlng stator, and n + 2 1is leaving
the stators.) The tangential velocity at the tip entering any rotor can
be determined by the equation

X‘n,t = 1,0 - h'n,t tan B‘El,t

and et any radius by

Xn = X5,tZn

since wheel~type flow is specified leaving each stator row. The axial-
velocity ratio at any radius is given by

L
he = [hﬁ,t + ﬂ‘ﬁ,t(l‘zrzl):lz

which assumes simple radial equilibrium. The ratio of static to total
density at any radius is

o2 _lT
P\ | B 1 e T
(w)n - B et %)

The total temperature entering any stage can be determined from the
echeduled stage total-pressure ratlos and assumed stege efficiencies.
The weight-flow equation is

1.0
W= Zﬂ?cspo(pw/Po)nUt L%) (ps/pT)nhnZn dz,

n

SSCNEITEWFIEE=>
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The value of pT/pO at any station n can be found from the scheduled

stage pressure ratlos and efficlencies. All terms inside the integral
can be calculated for variocus values of . Z - and the integral evaluated.

flow is obtained. This procedure determineﬁ the_hdb radius, uncorrected
for boundary layer, entering each rotor row. The axial and tangential
velocity components and wheel speed entering any rotor can be determined
from the preceding equations and hence both absolute and relative flow
velocities, flow angles, and Mach nunbers can be determined.

The calculations of the flow leaving a rotor row are done in a sim-
ilar menner except for the radial distribution of axial velocity. For
this deslign the radial variation of axial velocity after subsonlc rotor
rows was assumed to be the average of that required for simple radial

equilibrium and that for straight-through flow. Because the axlal veloc-

ity increased across a stage, the radisl variation of axial velocity for
straight-through flow was assumed to be the.aversge of that entering a

rotor row and that leaving the next stator row.

The dimensionless change in tangential velocity ¥' across a rotor
row was calculated from the scheduled total-pressure retio and efficiency
for each stage according to the following equation:

n-J.
P n 2
Y = n+2 T /T
% P, mic -15 Ut

where the superscript n represents the polytroplc exponent of
compresslion. The varlation of Y' with radius is

Y = Y,é/z

The tangential velocity lesving & rotor row is
Xn+l = Xn + Y
The axial velocity after a rotor row at any radius for straight-through
flow is
_ hn + hn+2
n+l,W = 2
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The axial-velocity veriation for simple radial equilibrium after a rotor

row 1s
1

2
bntl,e =Eﬂ-§+1,m,w - Eiﬁ,t(zz_zg) - 4%y g¥§ 1n ZEmZ}

The design aexlal-velocity variation after a rotor row at any radius is

_Bnyl,e * By
bpyy = 5

The ratio of static to total density is

1
2 ——
°s> r-lf”t> 1,2 2 |71
— =1 - — (hpyg + Xpag)
2 T +1 +1
(‘:’T il o/ Tony
To

and the weight-flow equation is

_ o2 1.0
W = 2nrggpg(ep/Po), Ut f (Pe/or) 11 Pns1Zn+1 Pntl
Zh,n+l

The value of the lower limit of the integral Zp,n41 1s ad justed to

give the correct weight flow, thus determining the hub radius after each
TOW.

The values of Zy, determined by the preceding procedure plotted

with the axisl spacing required by existing parts resulted in a slightly
wavy hub profile, and the actual hub profile used was cbtained by falring
a smooth curve through the calculated points.

Transonic stages. - The veloclty-disgram calculation for the tran-
sonic stages was made in the same manner with the following exceptions:

(1) The radisl variation of axial velocity after each blade row
was assumed to be that required for simple radial equilibrium.

(2) Flow conditions entering and lesving a blade row were calculated
along an assumed streamline, rather than at a constant radius, because
of the large changes in hub redili of these stages. The streamlines were

assumed to pass through the area centers of five equal-srea increments
at each station.
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(3) The hub radius at each station was adjusted to produce a smooth
hub profile by a trisl-snd-error adjustment of the axlal velocities at
each station.

(4) The tangential velocity component leaving the stators was not
wheel type.

(5) In calculating the energy addition through the rotors, the change
in radil of the flow across the rotor was taken into account and hence
the change in tangentiael velocity is not a vortex as was assumed in the
subsonlc stages.

BLADE SELECTION

Transonic blades. - The blade sectlons used for the transonic rotor
blades were composed of circular-arc pressure and suction surfaces and
bad & circuler-arc mean line. These sectlions were specified along an
assumed streamline across the blade row. The cilrcular-arc mean-line cam-
ber angle was obtained from the velocity-dlagram entering and leaving
flow angles, an assumed incidence angle, and & deviation-angle rule.
Around this mean line were placed two circular-arc surfaces to produce
the desired thickness at the center and the desired leading- and trailing-
edge thickness, A sketch of g typicel blade section is shown in figure
5. An assumed incidence angle of 4° was used for all blade sections.
Recent single-stage data indicate that this incidence angle may be too
low at the tip for the high tip Mach number employed. These data indi-
cate that the incidence angle for minimum drag increases with increasing
Mach number, and the dreg increases rapidly as the incidence angle is
decreased. The deviation-angle rule used, obtained from preliminary
single-transonic-stage data, was P '

8° = 0.475¢/o
Hence, from the geometry of the blade section
®=208" -1+ 8°
or
¢ = (M8 - 1)/(1 - 0.475/0)

The solidity is obtalned from a selected chord and the number of blades.
It was belleved desirsble to obtain a high solidity in transonic rotors
(ref. 7), end a solidity of epproximetely 1.2 at the tip and 1.88 at the
hub was used for the first rotor. The high tip solidity necessitated a
larger chord at the tip than at the hub. - '

LENF IDENT T3
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When the included angle of the mean line is determined, together
with the maximum thickness and the leading- and trailing-edge radii, the
blade profile can be calculated from the clrcular-arc geometry of the
blade section. Also, from the inlet flow angle and selected lncidence
angle, the angle setting of the blade section with respect to the com-
pressor axis V¥ can be determined.

Blade-section profiles were thus determined along five meridional
streamline surfaces of revolution. These streamlines were assumed to
pass through aree centers of equal-area iIncrements. The flve sections
were then stacked gbout a radiasl line passing through the approximate
center of gravity of each sectlon, and smooth surfaces were faired be-
tween sections. In order to fabricate the blade, the blade-section
coordinates had to be obtained in a plane perpendicular to the radial
stacking line. This was done by laying out the stacked sections to =
large scale and determining the profile coordinates in a plane perpen-
dicular to the stacking line by graphical methods,

The maximum blade thickness of the first rotor was varied from 9.5
percent of chord at the hub to 5 percent at the tip in an approximate
parabolic distribution in order to reduce the blade stresses at the root.
A leading- and tralling-edge radius of 0.020 inch was used for all sec-
tlons., Additional blade data are given 1n table III.

The stator bledes for the transonic stages used 85-series blower
blade sections since all Mach numbers entering these stators were below
0.80 and these blade sections are known to perform well below the force-
break Mach number. The blade sections were chosen in the same manner as
the other subsonic blade sections.

Subsonic blades., - NACA 65-series blower blade sections were used
for all subsonic blading because extensive and relisble cascade dsta were
availeble for these sections and they are known to give good performance
below force-breek Mach numbers. The design blade canber and angle of
attack for the various sections were determined from the cascade data of
reference 10 for the design effective turning angle, the effective inlet
air angle, and the solidity. The values of inlet air angle and turning
angle given in table IT for the subsonic stages are "effective angles™
(fig. 3(b) of ref. 4) based on the average axial velocity across a blade
row. The angles given for the transonic stages are actual angles. The
blade sections for all the blade rows except the sixth, seventh, and
eighth stator and exit venes were chosen from the design charts of ref-
erence 10 (fig. 111). This choice resulted in varisble camber blades,
from hub to tip, set to operate at the cascade design point. In the case
of the sixth, seventh, and eighth stator and exit vanes, the design-
point cembers varied so little from hub to tip that a constant camber
blade was used; the mean-radius design-point camber was used over the
blade height. The angle of attack for the radiil other than the mean was
then adjusted to glve the design turning angle.

“OERERRNT AL -
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No ettempt was made to select camber and angle of attack off the
cascade design point in order to favor part-speed performance because it
was believed that this procedure would probgbly have an adverse effect
upon the design-speed performance, and it would not be possible to deter-
mine how much the part-speed performance was ilmproved because no compar-
ative data would be avallable. The rotor blades were of constant chord
length and the thickness varied from hub to tip (teble ITI). The rotor
blades were made thinner at the tip because 1t has been shown (ref. 1)
that thin blades have hilgh force-~breask Mach numbers and lower dreg, and
the taper in thickness also reduces the centrifugal stress in the blades.
The number of bledes in each blade row was determined from the desired
solidity and the selected chord. The chords of the rotor blades were
determined from the limiting space between stator rows which was fixed
by the use of the exlsting casing. .

The number of blades In each blade row, and hence the solidity, was
chosen to obtain a good operating range without undue losses. For a
glven design turning angle and inlet air angle, with 65-series blades,
the camber necessary decreases with increasing solidity (ref. 10, fig.
109). This decrease becomes less promounced st very high solidities.
The low drsg operating range also increases with decreasing camber (ref.
10, fig. 86) and hence, from a range standpoint, it is desireble to main-
tain high solidities. However, the total losses across a blade row will
increase directly with the number of blades, and hence solidity, for
fixed chord blaedes. A Judicious selection of the number of blades and
solidity is necessary In order not to penalize either the operating
range or the efficiency. o

In selecting the blade-section cambers and angles of attack, an in-
terpolation was made for inlet air angle directly from the design charts,
and an interpolation for solidity was made by using the design charts
for three different solidities and cross-plotting these values to deter-
mine the camber and aengle of attack at the chosen solidity. This pro-
cedure was also used for the varisble camber. stator blades. All subsonic
blade sections were chosen on a "strailght-through" basis; that is, the
turning angle was the difference between the inlet and the outlet air
angle at the same radius. The camber of such a blade section along a
streamline will be somewhat lower thaan that of a constant-radius sectionm,
but the design turning along a streamline is also lower so that little
error is involved in using the straight-through method.

The stator bledes were made 86~-percent thick at all redii because the
thinner blade sections have higher critical Mach numbers and lower drag
than the 1O-percent-thick blades, and the added strength of the thicker
blades is not needed because no centrifugal stresses are involved.

- 3018



8TO¢

CS-3*back »

NACA RM E53I24 SO 19

SUMMARY CF DESIGN CHARACTERISTICS

The various design characteristics determined in the design proce-
dure are as follows (values given are for standard sea-level inlet condi-
tions):

Over-all total-pressure rabi0 o « + « o o o « « o o o « o« o o o« « « 10.26
Average stage total-pressure ratio . ¢« « ¢ o ¢ o s o o s o ¢ o« o o 1.338
Weight flow, 1b/sec . . . . s+« e« e« . . 65

Weight flow per unit rotor frontal area, (lb/sec)/sq ft e« « s . . 29.8
Tip speed, ft/sec e & s o o 8 o o o = s e o o s e s s e o s s s« & s 1188
Tip cpeed, TDIM + o o o o o o o o o s o s o o o s s o o o o o o« o 13,380
Over-all adigbatic effIclency o « « « o o o« =+ s o « o o « « o o » o« 0.862

Values of total and tip static-pressure ratio per stage are plotted in
figure 6. The ratio of tip statlic pressure to total pressure at the com-
pressor inlet at each station is shown in figure 7(a); total-pressure
ratios are given in figure 7(b).

Dimensionless axial velocity h and axlial Mach nunber at the mean
radius at each statlon are shown in figure 8. The distribution of
dimensionless axial veloclty across the annulus entering each blade row
is shown in figure 9. Figure 9(a) represents the dimensionless axial
velocity at the entrance to each rotor row and figure 9(b), at the en-
trance to each stator row.

A summary of the velocity-diagram data is given in table IT for both
the rotor and stator rows for flve equally spaced radial stations at the
rotor and stetor entrance. Values of the diffusion factors (D or D')
are listed for tip, mean, and hub radii.

A sumery of the blade design data 1is given in table III; the number
of blades, blade chord, solidity, camber, maximum thickness, and section
setting angle are listed for various radii.

OVER ~-ALL TEST RESULTS

The compressor was tested in accordance with the standard procedure
of reference 11. Performance characteristics determined experimentally
are presented in figure 10, The experimentally determined performance
shown in figure 10 i1s discussed in detail in reference 12.

National Advisory Committee for Aeronasutiecs
Lewis Flight Propulsion Laboratory
Cleveland, Ohlo, September 30, 1953
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TABLE I. - DESIGN DATA
Stage Stage Tip dimen-| Tip rela- Assumed
total~ sionless tive inlet stage
pressure axial- alr angle | polytropic
ratio veloeclty entering efficiency
ratio stage
entering
stage

Subsonic stages
1 1.189 0.3855 60,00 0.81
2 1.251 .4015 59.00 .86
3 1.291 L4178 58.00 .91
4 1,322 4360 57.01 .91
5 1.343 .4570 56,03 .91
6 1.349 .4815° 55.08 .91
7 1.340 .5000 54.16 .91
8 1.312 .5000 53.30 .88
9 1.278 . 5000 52.50 -85

Transonic stages
1 1.374 0.4963 63.61 0.88
2 1.374 4936 59.84 .88

21
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TABLE II. - VECTOR-DIAGRAM DATA
(a) Rotor.
Changethrough'
Stage| Axial] Entrance blade row Dt
sta-
tion Z X Y b |vi/u. | M B! Ah A8
1 1 1.0000 0 0.2462|0.,4963}1.116 |1.201 |63,61)-0,0169( 6,07 |0.285
.8700| © .2696| .4963/1.002 |1.078 [61.11| =-.0169| 7.79 |=====
.7400| O .3012| .4963| .8912( .959 |57.68| -.0169|10.57| .371
.8100( © 3474 .4963| ,7867| .8465|52.65| ~.0169|15.65|~~w~~
.4800( © 4274 49683| .6905| .743 |44,05| -.0169]26.09( .433
2 3 | 1.0000{0.1505(0.2728|0.4936/0.9824|1.0036{59,.84 |-0.0047] 10,13 |0.330
.9026 | .1505] .2973| .4960| .9008| .9208|56.68| -.0110|12,82 |~====
.8052} ,1505| .3261| .4986| .8228| .8409{52.65| ~.0192{16.58| .396
7073 | .1505| .3602| .5015| .7492| .7656|48,02| -.0308|21.82 |«=~~=
.6103] .,1505| .4087| .5049] .6830| .6984|42.32| -,0484]31.28| .449
3 5 | 1.0000(0.3314 (0.2352] 0.4178|/0.7884]0,7610{58,75(~0.0242{11.86 |0,414
.9200| .3049| .2556| .4564| .7659] ,7404|53.62| -.0112|15.20 )<=~~~
.8400| .2784| .2800[ .4891| ,.7447{ .7208(48.71| .0001|18.98| .398
71600 .2519] .3085] .5170| .7249( .7026|43.89} .0112/18.98 (-~~~
.6800( .2254| ,3459] .5410| .7067) .6838(39.14 .0225128.12| .347
4 7 { 1.0000/0.3283 10,2794 0.4360} 0.8008|0.7428(57.57 |-0.0186| 14,98 |0.443
.9343| ,30688( .2991| .4664] ,7819| .7255(53,44| -,0070/18.20{~==~~
.8686( .2852|( .3217| .4930| .7638}| .7095/49.50| .0030|21.79| .422
.B029 | ,2636( .3480( .5164| .7467| .6943|45.62 20131 25,70 | =mmw=
.71372{ .2421{ .3790| .5371] .7305| .6803|41,50| .0234|29.78] .380
5 g9 | 1.0000{0.3217|0.3226| 0.4570|0.8179|0,7255|56.37|-0,0117}18,22[0,470
.9464 | ,3045| ,3409| .4800( .8016]| .7112{53.18| -.0024|21.12|-~===-
.8928| .2872| .3613| .5008| ,7858| .6978;50.06} .0062{24.34| ,454
.8392| .,2700| .3844| .5197| .7708| ,6850|46.49 .0141]27 .33 | =mm=m
.7856| ,2527| .4106{ .5367{ .7564| .6731|43.92 .0230)31.46| .419
6 11 1.00000.3103|0,.3598) 0.4815| C.8411(0,7111|55.35(-0.0098|20.66 |0.506
.9570} .2970| .3759| .4980| .8269| .6993[52,98] =.0023|23,26|~=m==
.9140| .2836| ,.3936| .5134| .8130| .6881]50.58 .0047126.02| .490
.8710| .2703| .4130| .5276| .7994| .6770|48.21] .0119{28.94|~wwu~
.8280| .2569| .4345| .5407| .7865( .6663|45.87 .0186(32.02] .465
7 13 | 1.0000(0.2860}0,3850|0,5000} 0.8717|0.7029|55.36|~-0,0132|21.66{0.523
.9650| ,2759| .3989| .S5111( .8580| .8920}{53,57| -.0069{23,86|--==--
«9300| .2659| .4139| .5216| .B8445| .6815(51.77( -.0005|26.22| .515
.8950| .2569| .4301] .5315 .8312| .6710|49.97; .0058|28.70|=====
«8600( .2459| .4476| .5409| .8184| ,6609|48.65| .0115|31.77| .499
8 15 | 1.0000]0.2860]0.4022| 0.5000] 0.8717}0.6717]|55.29|-0,0108|23,06|0.542
9712 .2777| .4142] .5092| .8603| .6631(53.8L| =-.0049|24,97|=w=w~
.9424! ,2695| .4268; .5180| .8492; .6547(52.34| .0008(26,99| .533
.9136( .2612| ,4403| .5263| .8382| .B465{50.85( ,0065{29,05|====~
.8848| .2530| .4546| ,5343 .8275| .6384|49.34| .0122{31.26; .521

GO TN ey
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TABLE IT. - Concluded. VECTOR-DIAGRAM DATA
(b) Stator.
Ch throu,
Stege{Axial Entrance blﬁerowo D
sta-
tion | Z X Y h v/u | M B &h | OB
1 2 |1.0000[0.2462]0.0957|0.4794|0.5390 {0.5520}27.18 | 0.0142}10.22[0.152
.9133| .2696| .1191| .4794| .5501| .5641/29.35| .0166{12.45|~===-
.8174| .3012| .1507| .4794| .5663| .5817|32.14| .0192(15.32| .209
.7087 | .3474| .1969| .4794| .5921| .6103|35.93| .0221|19.20|~w=w-
.5761| .4274| .27689| .4794| .6423| .6663|41.71| .0255[25.11] .329
2 4 [1.0000/0.4233|0.0919(0.4889|0.6467 |0.6351[40.89 |-0.0711| 2.47{0.247
.9136| .4473| .1422| .4850| .6600]| .6488]42.63| -.0286| 8.92|-----
.8273| .4762| .1980| .4794| .6758| .6660(|44.83| .0097/15.18| .289
.7409| .5117| .2595| .4707| .6948| .6870|47.37| .0463|21.38|-=---
.6545| .5572| .3318| .4565| .7203| .7143|50.67| .0845|28.05] .314
3 6 |1.0000/0,5666|0.2383|0.3936|0.6899 |0.6522|53.79| 0.0424|15.43(0,179
.9273| .5609| .2564( .4452| .7191| .6823(50.81| .0212|17.15|-==-=
.8546| ,5584| .2778| .4892| .7477| .7122{48.52| .0038|18.91| .259
.7819| .5599| .3032| .5282| .TT74| .7434|46.80| -.0118{20.78]|-=~-=~
.7092| .5666| .3337| .5635] .8082| .7763|45.63| -.0264|22.84| .340
4 8 |1.0000/0.6077|0.2860!}0.4174|0.7372 |0.6688|54.27| 0.0396{17.92|0.304
.9405| .6059| .3033| .4594| .7629| .6942|52.15| .0206|19.43|-=—-=
.8810| .6065| .3231| .4960| .7881| .7194|50.87| .0048/21.35| .358
.8215| ,6098| .3455| ,5295| .8140| .7457|49.14| -.0098|22.53|-----
.7620| .6169| .3717| .5605| .8413| .7736|48.17| -.0238|24.23| .414
5 | 10 [1.0000|0.6443]0.3340|0.4453|0.7832 [0.6796|54.28 | 0.0362|20.47[0,384
.9520| .6447| .3493| .4776| .8045| .6997|52.85| .0204|21.70|-----
.9040| .6476| .3671| .5070| .8264| .7208(51.68| .0064(22.96( .421
.8560| .6523| .3867| .5338| .8487| .7423|50.74| -.0062|24.25|-----
.8080| .6592| ,4085| .5597| .8715| .7645/50.00| -.0190|25.62| .460
6 | 12 |[1.0000/0.6701|0.3841|0.4717|0.8195|0.6785(54,05| 0.0283|23.57|0.458
.9613| .6725| .3976| .4957| .8370| .6945|53.15| .0154|24.54|---=-
.9226| .6762| .4124| .5181| .8548| .7107|52.39| .0035|25.53| .482
.8839| .6813| .4285| .5395| .8733| .7276|51.75| ~.0080| 26,55} ~=man
.8452( .6880| .4463| .5593| .8916| .7446|51.26| -.0184|27.61| .507
7 | 14 |1.0000{0,6710{0.3850| 0.4868|0.8290(0.6540|53.67 | 0.0132|23.58{0.461
.9684| .6744| .3975| .5042| .8431| .6660|53.27| .0050|24,63|-em=m
.9368| .6788| .4109| .5211| .8580| .6789|52.55| -.0031|25.29| ,480
.9052| ,.6841| .4253] .5373] .8730| .6919|52.08| -.0110|26.18|~wn-==-
.8736| .6905| .4407| .5524| .8881|{ .7050|51.72| -.0181|27.09] .500
8 | 16 |1.0000|0.6882|0.4022|0.4892| 0.8443|0.6363|54.30| 0,0108(24.27|0.486
.9732| .6916| .4123| .5043| .8566| .6463[53.79| .0038|25.00|-=---
.9464| .6956| .4250| .5188| .8690| .6564|53.34| -.0030|25.75( .499
.9244| .7004| .4374| .5328| .8819| .6670|52.95| -.0096|26.50] —mm=m
.8992| ,7058| .4505| .5465| .8954| .6782|52.62| -.0161}27.29| .514

C——————
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TABLE IIT, - BLADE DESIGN DATA
(a) Rotor.
Stage| Redius |Nunber|Blade |[Solidity|Design |Design |Thick~ | Angle
ratio, of |chord, cenber, |camber, | ness, |setting,
Z blades| in, Cr,.1 Q, percent ¥,
’ deg of deg
chord
1 |[1.00001 20 |[3.766 | 1.186 ———— 2.09 5.0 58,54
.8990 3.675 | 1.280 ——— 4,85 5.4 54.67
. 7840 3.528 | 1.396 ———— 9.18 5.9 49,01
. 6500 3.291 | 1.549 -———- 17.06 7.1 40,12
.4800 3.015 | 1.864 ——— 33.75 9.5 23.17
2 |1.0000f 23 |3.50 l.281 -——— 6.58 4.8 52.55
.9233 3.385 | 1.332 — 9.14 5.2 48.61
8398 3.188 | 1.392 ——— 13.12 5.8 43,30
. 7465 2.997 | 1.473 -——— 19.40 6.7 35,76
.8318 2.791 | 1.618 ———— 31.08 8.6 22,97
3 |1.,0000| 41 |[1.46 0.953 0.82 | ==mw- 6.0 49.5
9200 l.46 1.036 e 7.0 42.9
.8400 1.46 1.134 1.097 | ===m= 8.0 36.3
7600 1.46 1.254 le24 | =emm- 8.0 29.6
.6800 1.46 1.401 1.39 | ====- 10.0 22.5
4 |1.0000f 49 [1.42 1.107 0.93 | =w=a- 6.0 46.6
.8686 1l.42 1.275 1.18 .. | ===== 8.0 35.6
. 1372 1.42 1.502 l.44 | ~me=- 10.0 23.8
5 |1.0000f 53 |[1.37 1.156 1.10 | «-==- 6.0 43,8
.8928 1.37 1.294 1.33" | wmmm- 7.0 34,7
. 7856 1.37 1.471 1.58 | =m=w-- 8.0 25.2
6 |1.0000| 54 [1.31 1.126 1.28 | cmma= 6.0 41.5
.9140 1.31 1.232 149 | == 7.0 34.4
.8280 1.3l | 1.360 1.7 | === 8.0 26.9
7 {1.0000{ 55 |l.28 1.120 1.35 | ae==- 6.0 41.0
. 9300 1l.28 1.205 1.54 | ===-- 7.0 35.3
.8600 1.28 1.303 1,73 | ====a 8.0 29.4
8 {1.0000| 57 |1.23 | 1.116 | 1.45 | --c-- 6.0 | 40.2
. 9424 1.23 1.184 1,62 | mem=== 7.0 35.3
.8848 1.23 l.261 177 | ==me= 8.0 30,5
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TABLE ITT, - Concluded. BLADE DESIGN DATA
(b) Stator.
Stage| Radius|Nuber|Blade |Solidity|Design | Thick-| Angle
retio, of |[chord, canmber,| ness, |[setting,

Z blades| in. CL,i percent ¥,

of deg
chord

1 |1.0000| 27 1.900 0.817 0.58 6.0 20.0
.8941 1.900 .913 .69 6.0 21.3
.7881 1.900 1.036 .83 6.0 22,7
.6821 1.900 1.197 .98 6.0 24,4
.5761 1.900 1.417 1.16 6.0 26.3
2 |1.,0000[ 32 }1.950 0.993 | 0.34 6.0 37.1
. 9136 1.950 1.087 .54 6.0 35.5
.8273 1.950 1.200 .76 6.0 34.2
. 7409 1.950 1.340 .97 6.0 33.2
. 6545 1.950 1.517 1.19 6.0 32.5
3 |1.0000f 33 |1,460 0.767 | 1.23 6.0 43.0
. 9273 1.460 .827 | 1.26 6.0 39.3
.8546 1.460 897 1.30 6.0 36.1
.7819 1.460 .981 | 1.32 6.0 33.6
. 7092 1.460 1.081 | 1.36 6.0 31.5
4 |1.0000] 35 [1.420 0.791 | 1.41 6.0 42.0
.8810 1.420 .898 | 1.46 6.0 36.9
. 7620 1.420 1.038 | 1.51 6.0 33.1
5 |1.0000f 39 |1.380 0.857 | 1.58 6.0 41,9
. 9040 1.380 .948 | 1.58 8.0 37.0
.8080 1.380 1,060 | 1.58 6.0 32.7
6 1.0000| 43 |1.32 0.903 | 1.70 6.0 39.9
. 9230 1.32 979 | 1.70 6.0 36.3
.8450 1.32 1.068 | 1.70 6.0 33.2
7 1.0000| 46 {1.28 0.937 | 1,70 6.0 39.5
. 9370 1.28 1.000 | 1.70 6.0 36.7
.8740 1.28 1.073 | 1.70 6.0 34,2
8 |1.0000] 48 (1.23 0.959 1.70 6.0 39.5
. 9460 1.23 1.014 | 1.70 6.0 37.1
.8930 1.23 1.074 | 1.70 6.0 54.8
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Figure 4. - Velocity diagrams for stages at tip, mean, and hub radii.
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Flgure 4. - Concluded. Veloelty diagrams for stages at tip, mean, and hub radii.
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Pressure ratio per stage at tip
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Root-mean total-pressure ratio per stage
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Figure 10. = Over-all performance characteristiocs of eight-stage axial-flow compressor.
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